Salt stress is one of the abiotic stresses affecting crop growth and yield. The functional screening and mechanism investigation of the genes in response to salt stress are essential for the development of salt-tolerant crops. Here, we found that OXIDATIVE STRESS 2 (OXS2) was a salinity-induced gene, and the mutant oxs2-1 was hypersensitive to salt stress during seed germination and root elongation processes. In the absence of stress, OXS2 was predominantly localized in the cytoplasm; when the plants were treated with salt, OXS2 entered the nuclear. Further RNA-seq analysis and qPCR identification showed that, in the presence of salt stress, a large number of differentially expressed genes (DEGs) were activated, which contain BOXS2 motifs previously identified as the binding element for AtOXS2. Further ChIP analysis revealed that, under salt stress, OXS2 associated with CA1 and Araport11 directly through binding the BOXS2 containing fragments in the promoter regions. In conclusion, our results indicate that OXS2 is required for salt tolerance in Arabidopsis mainly through associating with the downstream CA1 and Araport11 directly.
OXIDATIVE STRESS 2 (OXS2), which belongs to a family containing five zinc finger (ZF) proteins with a canonical C2-H2 ZF and two C3-H ZFs, is a classical transcription factor 23 . OXS2 is widely expressed in plants, such as Arabidopsis, maize, rice, etc. Previously Arabidopsis OXS2 and two OXS2 homolog genes from maize (ZmOXS2b and ZmO2L1) have been found to play a role in stress escape and Cd stress tolerance 24, 25 . In Arabidopsis, under high stress, AtOXS2 promotes plant stress escape by directly binding the promoter of SOC1, which is a representative floral transient gene 24 . In maize, the OXS2 homologous, ZmOXS2b and ZmO2L1, can confer Cd tolerance when heterogeneously expressed in Arabidopsis by activating the promoter of Cd-Inducible Methyltransferase 1 (CIMT 1), which is specifically expressed in root and also enhances the Cd resistant ability of Arabidopsis when overexpressed alone 25 . All of these three OXS2 members are able to directly recognize segments including the CT-rich BOXS2 motif. Here, we found that AtOXS2 was required for salt tolerance in Arabidopsis. RNA-seq analysis has selected multiply candidates which were controlled by AtOXS2 under salt stress. ChIP experiments suggest that AtOXS2 functions mainly through associating with the downstream salt induced and related genes, CA1 and Araport11, which are regulated by the BOXS2-containning promoters. Our findings suggest a new salt regulation mechanism, which can be potentially used for engineering salt tolerance in major crop plants.
Results and Discussion
AtOXS2 is inducible by salt in Arabidopsis. To test whether the expression of AtOXS2 is responsive to salt stress, Arabidopsis seedlings were grown in ½ MS for 10 d, and then transferred to the hydroponic culture plates with 150 mM NaCl. The whole seedlings were collected at different time points after the salt treatment for quantitative reverse transcript PCR (RT-qPCR). The data indicated that the abundance of the AtOXS2 mRNA increased within 1 h after the salt treatment and stayed at a high level within the following 24 h ( Fig. 1 ), indicating that the AtOXS2 transcript is activated in response to salinity stress and may be involved in plant salinity responses. As a classical transcription factor, AtOXS2 may control massive downstream cis-elements 24 . Under stress, the upregulation of the mRNA abundance will generate more proteins to activate genes which are related or resistant to the stress.
AtOXS2 is required for salt tolerance in Arabidopsis.
To confirm if AtOXS2 is involved in plant salt tolerance, homozygotes of the T-DNA insertion mutant lacking detectable transcript by RT-PCR were collected for the salt stress test. As shown in Fig. 2(a-d) , under the normal condition, the phenotype of the oxs2-1 plant was indistinguishable from that of the wild-type plants. In salt (150 mM NaCl) supplemented ½ MS plates, the root length of oxs2-1 was shorter than that of the wild-type plants ( Fig. 2(a,b) ), and the shoot growth of oxs2-1 was also poorer than that of the wild-type plants ( Fig. 2(c,d) ). As germination is a key phenotype for plants to be resistant with salinity, germination rate tests were conducted in the mutants and the wild-type plants. As shown in Fig. 2(d) , in the control environment, the germination rate of both oxs2-1 and wild-type plants had no obvious difference at 60 h. However, in the presence of salinity, the germination rate of oxs2-1 was lower than that of the wild-type control after 48 h. We also generated more than 5 independent OXS2-overexpressing (OE) transgenic lines, and two of these lines were randomly selected for the salt tolerance test, which were identified by RT-qPCR ( Supplementary Fig. S1(a) ). After three biological tests, we did not see any significant differential phenotype between the wild-type plants and the OE lines ( Supplementary Fig. S1(b) ). Although the OE lines did not show any significant salt tolerance phenotype, considering oxs2-1 is significantly salt sensitive, and AtOXS2: FLAG can recover the salt sensitive phenotype of oxs2-1 ( Supplementary Fig. S2 ), we also conclude that OXS2 is required for salt tolerance in Arabidopsis. Considering the oxs2-1 plant is sensitive against diamide, and overexpressing OXS2 failed to yield plants with higher stress tolerance 24 , it is supposed that there exists a dose-effect for OXS2 to regulate stress tolerance in Arabidopsis, and excess OXS2 does not increase the contribution to stress tolerance. In a www.nature.com/scientificreports www.nature.com/scientificreports/ word, comparing with the OE lines, the salt sensitive phenotype of the OXS2 mutant is more reliable for validating the function of OXS2. These results suggest that AtOXS2 plays a role in salt stress in Arabidopsis.
AtOXS2 is specifically accumulated in the nuclear under salt stress. AtOXS2 shows a canonical transcription factor feature and is accumulated in the nucleus under cold or ABA stress. However, there is no evidence supporting the translocation of AtOXS2 into the nuclear under salt stress. To test whether AtOXS2 plays a role as a transcription factor under salt stress, the coding region was fused to GFP expressed transiently in onion epidermal cells. GFP-Histone 4 (H4) specifically expressed in the nucleus was used as a positive control, and the empty vector (pGFP) was used as a negative control. In the absence of salt stress, the AtOXS2 fusion existed in the cytoplasm. However, when treated with 150 mM NaCl, AtOXS2 was translocated into the nucleus, while the location of H4 or GFP was not affected by salt stress (Fig. 3 ). It is suggested that AtOXS2 specifically entered the nuclear under salt stress. The specific nuclear localization of AtOXS2 could play a role in salt tolerance at the molecular level. These results implied that AtOXS2 might target some downstream cis-elements which are required for salt stress responses in Arabidopsis.
Differentially regulated genes identified from RNA-Seq analysis. The salt-sensitive phenotype associated with the loss of AtOXS2 is likely due to the deletion of the transcription factor, AtOXS2 may recognize salt tolerance related genes from the protein and DNA interaction. To examine whether the gene expression pattern is affected, an RNA-seq analysis was carried out for the salt-treated oxs2-1 and wild-type plants. DEGs with statistically significant changes (up-regulated by at least 2-fold or downregulated by at least 0.5-fold, with a corrected P-Value < 0.05) were selected. The total number of DEGs is 133 with 105 up-regulated DEGs and 28 down-regulated DEGs ( Fig. 4(a,b) ). Loss of AtOXS2 may lead to a decreased expression of the downstream genes. Thus, we narrowed the DEGs into 28 down-regulated DEGs, which were named from DEG1 to DEG 28 according to the RNA-seq ranking ( Supplementary Table S1 ).
Validation of differential expression.
To verify the expression pattern revealed by the RNA-seq analysis, qPCR was performed on the 27 down-regulated DEGs except DEG 9 (AtOXS2) with the same tissues used for RNA-seq. The expression pattern obtained by qPCR was not very consistent with the RNA-seq data, as the www.nature.com/scientificreports www.nature.com/scientificreports/ expression level of fourteen DEGs among the 27 down-regulated DEGs identified by RNA-seq did not decrease or decrease significantly (less than 2 fold). However, nearly half of the genes (13 DEGs) among the selected DEGs showed a dramatic change in gene expression (2.2-to 10.5-fold, Table 1 ). To explore the expression of the selected DEG expression in a greater detail, the expression level of the DEGs under the normal growth condition should also be detected. The mutants and wild-type plants were germinated on ½ MS media for 3 d, and then transferred to plates without or with 150 mM NaCl for another 10 d for RT-qPCR analysis of these thirteen dramatically decreased genes. As shown in Fig. 5 , a number of salt-response genes were discovered. Some genes were over-expressed by salt stress in the wild-type plants, including DEG3, DEG6, DEG13, DEG18 and DEG19 ( Fig. 5 (b,e,h,i,j)). Among these genes, DEG6, DEG13 and DEG19 were not induced by salt stress in the absence of OXS2 ( Fig. 5(b,h,j) ), and the transcript abundance of DEG3 and DEG18 significantly decreased compared with that under the normal growth condition ( Fig. 5(e,i) ). It is suggested that OXS2 is the key upstream regulator of these five DEGs in response to salt stress. Besides the OXS2 related salt activated genes, some genes were down-regulated by salt stress in the wild-type plants, including DEG4, DEG10, DEG12, DEG24 and DEG28 ( Fig. 5 (c,f,g,k,m)). Four of these genes (DEG10, DEG12, DEG24 and DEG28) were expressed at a similar level without or with OXS2 under the normal growth condition, and DEG4 was significantly down-regulated in oxs2-1. However, all of these genes were dramatically down-regulated in the OXS2 mutants under salt stress ( Fig. 5(c,f,g,k,m) ). It is indicated that OXS2 also played an essential role as an upstream regulator in response to salt stress; without OXS2, the genes were more sensitive to salt stress. A number of genes (DEG2, DEG5 and DEG25) did not show a significant difference of the expression levels upon salt stress in the wild-type plants ( Fig. 5(a,d,l) ). However, in the OXS2 mutants, the expression of all of the DEGs was dramatically decreased ( Fig. 5(a,d,l) ). These results showed that, even in the absence of salt, all of these three genes were regulated by OXS2. www.nature.com/scientificreports www.nature.com/scientificreports/ Salinity related pathways identified from RNA-Seq analysis. Salt-stress responses are always related to photosynthesis. Strong photosynthesis can enhance salt tolerance in some plant species. For example, increased photosynthesis confers salt stress tolerance in watermelon 26 . In our transcriptomic analysis, three of the 13 down-regulated DEGs are related to photosynthesis ( Table 2 ). Salt stress also interrupts respiration and carbon metabolism in plants; efficient respiration is imperative for salinity tolerance 15 . Our analyses show that four of the 13 down-regulated DEGs are involved in carbon metabolism ( Table 2 ). These results indicated that www.nature.com/scientificreports www.nature.com/scientificreports/ AtOXS2 might play a role in salt resistance through regulating photosynthesis and carbon metabolism. Salinity stress can induce oxidative damage in many plant species. Oxidative elements, such as ROS, play an important role in oxidative homeostasis and signaling pathways in response to salt stress 27 . As shown in Table 2 , two of the 13 DEGs are involved in the oxidation-reduction process. ABA-signaling is the central regulation pathway of salt-stress responses; salt stress treatment can be activated by ABA responses in plants 28, 29 . In our results, two of the 13 down-regulated DEGs are involved in responses to ABA ( Table 2 ). It is suggested that oxidative stress and ABA response related genes may also be regulated by AtOXS2.
Most significantly down-regulated DEGs are driven by cis-elements containing BOXS2 motifs. As a transcription factor, OXS2 mainly binds the DNA sequence containing a 9-bp CT rich motif, namely BOXS2, in vitro 24 . To predict the binding condition between OXS2 and the 27 selected genes in vivo, a computational framework for transcription factor binding site analysis (TFBS) was conducted using the Arabidopsis genome ( Supplementary Table S2 ). As shown in Table 1 , most genes with a dramatically decreased expression upon salt stress contained a BOXS2 motif except DEG5, DEG19 and DEG25. The DEGs with the most dramatic decrease of expression contained more BOXS2 motifs compared with the other genes. These results suggested that OXS2 regulated the downstream DEGs mainly through binding the BOXS2 motif. DEG5, DEG19 and DEG25, which do not contain a BOXS2 motif, were probably affected by other DEGs which were directly regulated by OXS2. Some of the putative OXS2-binding DEGs were constitutively activated by OXS2, including DEG2, DEG3, DEG4, and DEG6 ( Fig. 5(a-c,e) ). The others were activated by OXS2 under the treatment of salt, including DEG10, DEG12, DEG13, DEG18, DEG24 and DEG28 ( Fig. 5(i,k,m) ). Out of the three DEGs without BOXS2, DEG19 and DEG25 were involved in response to salt tolerance. Generally, at the molecular level, there are mainly two salt tolerance regulation manners. One is that the transcription factor constitutively binds the downstream salt tolerant DEGs without or with salt stress. The other is that, when the plant is treated with salt stress, the transcription factor expressed in the cytoplasm specifically enters the nuclear and activates other downstream salt tolerant DEGs.
AtOXS2 associates with CA1 and Araport11 directly. To explore the interaction between the BOXS2-containing promoters and AtOXS2, we generated transgenic Arabidopsis oxs2-1 producing an FLAG-tagged AtOXS2, which can recover the salt sensitive phenotype (Supplementary Fig. S2 ). After identifying the expression of the fusion protein by western blot ( Supplementary Fig. S3 ), a chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) analysis was performed to test the in vivo interaction of these promoters in oxs2-1 and oxs2-1 (AtOXS2-FLAG). Following immunoprecipitation with anti-FLAG antibody, twelve pairs of primers were used for the ten promoters corresponding to fragments F1-F12 (Fig. 6 ). Positive interaction with AtOXS2 was found for F4 and F7 (Fig. 6 ), but not for the other fragments, including the ACT2 (At3g18780) promoter used as the negative control. It is indicated that AtOXS2 could bind the promoters of DEG10 (carbonic anhydrase 1, CA1) and DEG18 (Auxin-responsive family protein gene, Araport11) directly. CA1 is induced by salt stress in Dunaliella salina, and the promoter of CA1 is able to drive a stable expression of two foreign genes (BAR and GUS) in transformed cells of D. salina under salt stress 30 . Araport11 (NAC domain containing protein 1) is a member of the NAC transcription factor family. Araport11 of Suaeda liaotungensis K (SlNAC1) can enhance salt tolerance in Arabidopsis 31 . The other fragments of promoters were possibly regulated through the cis-elements of AtOXS2 or unknown interactive proteins of the transcript factors.
Conclusion
Although OXS2 was proved to be responsive to several types of stresses, such as ABA, cold, diamide and Cd 24, 25 , there is no report indicating that OXS2 was involved in salt stress. In this paper, we found the loss of OXS2 led to a salt-sensitive phenotype of Arabidopsis with multiple disrupted pathways or molecular functions. Further analysis identified that OXS2 regulated salt tolerance mainly through associating with BOXS2 motif containing DEGs, such as CA1 and Araport11, which are related to salt responses. We found that both of DEG10 and DEG18 were down regulated in oxs2-1 under salt stress ( Fig. 5(f,i) ). These DEGs are different from the constitutively down-regulated DEGs, such as DEG2, DEG3, DEG4, DEG5 and DEG6 ( Fig. 5(a-e) ), which showed a decreased level in oxs2-1 under the normal growth condition. It is consistent with the protein localization of OXS2 without or with salt stress (Fig. 3) . These results suggest that the salt tolerance regulated by OXS2 was specifically induced by salt stress in Arabidopsis. Without stress, OXS2 localized in cytoplasmic; when treated with salt, OXS2 entered the nuclear and associated with the promoters of CA1 and Araport11, and played a role in salt tolerance in Arabidopsis (Fig. 7 ).
Methods
Plant culture and treatment. Arabidopsis thaliana, wild-type Col-0 (SALK_6000) and T-DNA insertion mutant oxs2-1 (SALK_037470) have been described previously 24 . Arabidopsis plants were grown in a controlled environment at 22 °C/20 °C in a 16-h-light/8-h-dark photoperiod. Seeds used for phenotypic assays were harvested at the same time. The tolerance test was performed on plates with ½ MS solid media without or with 150 mM NaCl. The cultured seeds were germinated in plates without stress for 3 d, and then transferred to plates with 150 mM NaCl for another 10 d.
For the salt-inducible experiment, the Arabidopsis plants were germinated and grown in ½ MS. Ten-day-old seedlings were transferred to ½ MS hydroponic cultures with 150 mM NaCl, and 10 seedlings were collected at different time points from the start of the salt treatment.
Protein subcellular localization assay. Transient Table 2 . Summary of down-regulated differentially expressed genes in WT VS oxs2-1 comparison group identified by qPCR (less than 2 fold). α: description of photosynthesis, β: description of carbon metabolism, χ: description of oxidation-reduction process, δ: description of response to ABA. 
